Aberrant regulation of the Wnt signalling pathway has emerged as a prevalent theme in cancer biology. This chapter summarizes the research that provides a proof of concept for inhibiting Wnt signalling in cancer, the potential means by which this could be achieved, and some recent advances towards this goal. A brief discussion of molecular diagnostics and possible safety concerns is also provided.
Introduction
For the better part of the twentieth century, the progress of cancer therapy in the clinic appeared to follow a path independent of our advances in the understanding of cancer at the molecular level. Progress in the clinic, represented by the hallmark work of Frei and Freibach in mid 1960s, consisted of carpet-bombing cancers with cocktails of drugs dosed to the highest tolerable level. Mechanistically, these drugs attack cancer cells at a very fundamental level, and the combinations to some extent accounted for the heterogeneity apparent in the disease. In the early 1970s, the seminal work of Varmus, Bishop, Weinberg and others made it apparent that cancer was indeed a genetic disease (Weinberg and Bishop, 1996) . Oncogenesis was ultimately associated with specific defects in endogenous human genes. Acquisition of activating mutations in proto-oncogenes could transform cells, as did inactivating mutations in tumour suppressor genes. The discovery of numerous cancer-causing genes quickly followed, yet the veritable translation of cancer genetics into the clinic would await the FDA approval of Gleevac (Imatinib) for CML in 2001.
The remarkable success of Gleevac energized the field of rational drug design by proving that drugging the driver actually worked. Drugging of the EGFR receptor in lung cancer, BRAF in melanoma, Smoothened in medulloblastoma, and so on, has further fortified efforts in designer drug therapy for cancer. Among the litany of cancer-causing genes, the adenomatous polyposis coli (APC) tumour suppressor identified in 1991 provided a vector to a therapeutic target in the vast majority colorectal cancers (Groden et al, 1991; Kinzler et al, 1991) . That discovery, and that of the mechanism by which it promotes cancer, fuelled the delineation of a cancer signalling pathway consisting of secreted ligands, cell surface receptors, scaffolds, kinases, ubiquitin ligases and hydrolases, and activators and repressors of gene transcription (http://www.stanford.edu/ group/nusselab/cgi-bin/wnt/) (Figure 1 ). Recent successes in rational drug design, together with our growing knowledge of oncogenic Wnt signalling, and its prevalence in human cancer, provides clamant motivation for drugging this pathway.
The association of genetic defects with Wnt signalling and cancer
The genesis of mammary tumours arising in mice infected with the murine mammary tumour virus was ultimately traced to the activation of the murine int-1 gene (Nusse and Varmus, 1982) . The int-1 gene bore resemblance to the fly wingless gene, a secreted component of a signalling network that included zeste white, a glycogen synthase kinase homologue, and armadillo, the Drosophila version of mammalian b-catenin. The relevance of Wnt signalling to cancer was fortified by the discovery that the human tumour suppressor APC protein was associated with b-catenin (Su et al, 1993; Rubinfeld et al, 1997) . That b-catenin was downregulated by APC and upregulated by Wnt-1 implicated b-catenin as a potential driver of human cancer (Hinck et al, 1994; Munemitsu et al, 1995) . This was confirmed by the identification of mutations in the gene coding for b-catenin that rendered the protein refractory to regulation by APC (Morin et al, 1997; Rubinfeld et al, 1997) . Finally, the means by which b-catenin promoted tumourigensis was revealed by the discovery of transcription factors that associated with it to activate growth-promoting genes (Behrens et al, 1996; Molenaar et al, 1996) .
Germline mutations in APC are the cause of familial adenomatous polyposis, a heritable intestinal cancer syndrome. In addition, somatic mutations in APC are detected in the vast majority of all sporadic colorectal cancers. . Loss of function in both alleles is required for tumourigensis and that loss is structurally linked to the protein's ability to regulate b-catenin protein stability (Polakis, 2007) . Specifically, truncating mutations in APC remove all binding sites for Axin, a scaffold that also binds b-catenin and recruits the kinases GSK3 and CKI essential for marking b-catenin for destruction facilitated by the E3 ubiquitin ligase b-TRCP (Figure 1 ). Axins I and II are also tumour suppressors found mutated in both sporadic and familial cancers (Lammi et al, 2004; Salahshor and Woodgett, 2005; Marvin et al, 2011) . Axins bind directly to both APC and b-catenin and are essential for the downregulation of b-catenin.
Although the GSK3 genes, which are required for the regulation of b-catenin, are putative tumour suppressors, mutations in the alleles coding for GSK3a and b have not been associated with human cancers. However, GSK3b activity may be altered by an in-frame splice deletion affecting the kinase domain identified by the Jamieson lab in chronic mylogenous leukaemia (Abrahamsson et al, 2009) . The core components of the so-called b-catenin destruction complex, comprised of GSK3, Axin, APC and b-TrCP, has been expanded recently by the addition of WTX, a tumour suppressor associated with the paediatric renal cancer Wilm's tumour (Major et al, 2007) . Aberrant splicing has also been described for the Wnt coreceptor LRP5 in parathyroid and breast cancers. Here, missplicing deletes the region of LRP5 that interacts with the secreted Wnt signalling repressor DDK1 (Bjorklund et al, 2009) .
While it is apparent that deregulation of Wnt signalling is a driver in the majority of colorectal cancers, as well as many other human cancers, finding an executable point of therapeutic intervention has been challenging. The following sections summarize the rationale for drugging the pathway, including potential nodes for intervention, the progress that has been made and what will be required to develop a drug.
Will Wnt inhbitors work?
Although the current success rate in targeted therapies is favourable, past performance does not guarantee future success. Trepidation is particularly warranted when considering targets that are not directly activated by mutation, as exemplified by the Wnt signalling pathway. The limits of scientific intuition, as they translate to therapy, are becoming apparent. For example, pathway logic would lead one to surmise that inhibiting the immediate downstream effector of an undruggable oncogenic protein would be therapeutically beneficial. However, inhibition of wild-type (wt) raf kinase, lying immediately downstream of oncogenic ras, fails to provide benefit and could even exacerbate progression of these tumours (Poulikakos and Rosen, 2011) . Indeed, an unfortunate side effect of raf inhibitors in the clinic is their promotion of keratoacanthoma and squamous cell carcinoma, apparently due to the paradoxical activation of MAP kinase signalling in wt raf keratinocytes (Chapman et al, 2011) . Even when the oncogene product itself is drugged, success might not follow. The spectacular clinical efficacy of the raf inhibitor in V600E raf melanomas has not been reproduced in V600E raf colon cancers, suggesting that the overall genetic context also modifies the effectiveness of drugging the oncogenic protein.
Drug discovery is a labour-intensive process. Drugging a single target can require the establishment of robust in vitro and cell-based assays, a high-throughput screening effort involving millions of chemical compounds and the full-time effort of dozens of medicinal chemists, as well as structural biologists, pharmacologists and toxicologists. Prior to embarking on such an endeavour, one must achieve a certain level of confidence that inhibiting the intended target will indeed negatively impact tumourigenesis. However imperfect, preclinical experiments that provide a proof of concept in model systems are essential to advance a molecule to clinical evaluation.
Inhibition of signalling in cancers driven by Wnt pathway mutations
A rich history of experiments designed to disrupt Wnt signalling strongly suggest that therapeutic intervention could be successful. Among the earliest of these attempts was the expression of wt APC in an APC mutant colorectal cancer cell line. Increased apoptosis was noted following induced expression of wt APC in cultured HT29 cells (Morin et al, 1996) . Expression of Axin I, an additional tumour suppressor in the Wnt pathway, also promoted apoptosis in cancer cell lines containing mutations in either b-catenin, APC or Axin I (Satoh et al, 2000) . Although these experiments show that reintroduction of wt tumour suppressors can reinstate growth control, they fall short of modelling a more practical therapy in which a positive acting element is interfered with. This can be simulated with dominant-negative mutants, like the N-terminally deleted TCF-4, which binds Wnt target genes nonproductively as a result of its inability to associate with b- catenin. Indeed, ectopic expression of the dominant-negative TCF4 in colorectal cancer cells turned off target genes resulting in their growth arrest (Tetsu and McCormick, 1999; van de Wetering et al, 2002) .
The two tumour suppressors, Axin and APC, negatively regulate b-catenin, and b-catenin itself is oncogenically activated by gain-of-function mutations. These genetic findings alone point to b-catenin as a prime target for therapeutic intervention. Accordingly, a variety of proof-of-principle experiments aimed at interfering with b-catenin have provided encouraging results. In an early example of this, Gottardi et al expressed a fragment of cadherin that binds soluble b-catenin preventing its association with TCF transcription factors, thereby shutting off gene activation (Gottardi et al, 2001 ). This resulted in growth inhibition of SW480 colorectal cancer cells. Suppression of b-catenin by antisense oligonucleotides was also found to inhibit tumourgenicity of colon cancer cells in vitro and in vivo Roh et al, 2001) . Disruption of the b-catenin gene by somatic cell gene targeting revealed an essential requirement for b-catenin in clonal growth of the APC mutant and b-catenin mutant colorectal cancer lines, DLD-1 and SW48, respectively (Kim et al, 2002) .
More recently, the use of RNA-interfering technologies have been employed to validate b-catenin as a target in cancer therapy. Examples of this include siRNA knockdown of b-catenin transcripts, which reduced Wnt-dependent gene activation and diminished the growth of colon cancer cells in vitro and in vivo (Verma et al, 2003) . Inducible shRNA was used to knockdown b-catenin in colorectal cancer cells harbouring mutations in b-catenin itself (Mologni et al, 2010) . The cell lines employed, HCT116 and Ls174t, also contained K-ras mutations, and significant effects on cell growth and survival were not observed unless both the ras and b-catenin oncogenes were repressed. Under these conditions, highly effective inhibition of tumour growth in vivo was observed, whereas repression of either oncogene alone was considerably less effective.
One of the most compelling proof of principal studies was recently provided by the McLaughlin lab, which engineered the inducible knockdown of b-catenin into APC mutant colorectal cancer cells (Scholer-Dahirel et al, 2011) . The growth of tumour xenografts from these cells was strongly inhibited upon shRNA knockdown of b-catenin, which was accompanied by induction of p21 and loss of Ki67 staining. Interestingly, markers of intestinal cell differentiation were also induced in the tumours upon knockdown of b-catenin. An important finding here was that the tumours quickly resumed their growth when expression of the shRNA was ceased. This suggests that any therapeutic inhibitor of b-catenin will likely require continuous administration.
In validating the Wnt signalling pathway one needs to keep in mind the dual role of b-catenin in signalling and cell adhesion. It is conceivable that the effects observed upon disruption of b-catenin expression or function could relate to its role in facilitating cadherin in the formation of cell-cell contacts. To address this caveat, Cong et al (2003) created a fusion protein that artificially recruited the E3 ubiquitin ligase b-TrCP to b-catenin. Expression of this construct downregulated the soluble, signalling pool of b-catenin, without impacting the cadherin-bound, adhesive fraction. Colon cells expressing the fusion protein lost their tumourigenic potential, including their ability to form tumours in mice.
Inhibition of Wnt signalling in cancers lacking pathway mutations
Mutations in the Wnt pathway should serve as a guide in determining where prospective inhibitors would be expected to work. In addition to colorectal cancers, where mutations are prevalent, hepatocellular cancers commonly harbour mutations in Wnt pathway components. Accordingly, RNAimediated knockdown of b-catenin decreased the viability, proliferation and growth in soft agar of the HepG2 human hepatoma cell line, which expresses mutant b-catenin (Zeng et al, 2007) . Surprisingly, similar inhibitory effects were observed with a second cell line, Hep3b, which has wt bcatenin. Interfering with Wnt signalling was also effective in a haematopoetic model of cancer that lacked mutations in the Wnt pathway (Ashihara et al, 2009 ). This study showed that knockdown of b-catenin in RPMI8226 multiple myeloma cells reduced their capacity to form tumours in irradiated nude mice. Thus, interference with Wnt signalling in cancers lacking pathway mutations can be effective and suggests that aberrant activation of Wnt receptors should also be entertained as an oncogenic mechanism.
Constitutive receptor stimulation could account for hyperactive Wnt signalling in the absence of pathway mutations. This scenario invokes a source of Wnt ligand, which could arise from either the host cells or the cancer cells, themselves. In examining a panel of breast and ovarian cancer cell lines, Bafico et al (2004) noted the presence of a signalling pool of uncomplexed b-catenin, a hallmark of Wnt signalling, in cells that were otherwise wt for the Wnt pathway. Ectopic expression of the secreted Wnt ligand inhibitors, secreted frizzled-related protein (sFRP1) or dickkopf (DKK1), reduced the pool of soluble b-catenin and inhibited expression of a Wnt reporter gene. The authors ascribed the activity to autocrine Wnt signalling and subsequently reported this in non-small-cell lung cancer (NSCLC) cell lines as well (Akiri et al, 2009) .
Autocrine Wnt signalling in breast cancer cell lines is consistent with reports on human mammary cancers, where Wnt pathway mutations are absent, yet hyperactive signalling is apparent. Breast cancers fitting this description appear biased towards those classified as basal-like or triple negative (Lin et al, 2000; Chung et al, 2004; Howe and Brown, 2004; Khramtsov et al, 2010; Geyer et al, 2011) . Accordingly, Yang et al (2011) recently reported a proof-of-principle experiment involving the knockdown of FZD7, whose expression is characteristic of the basal-like breast cancer (Sorlie et al, 2003) . Knockdown of FZD7 in cell line models of triple negative breast cancer reduced expression of Wnt target genes, inhibited tumourigenesis in vitro and greatly retarded the capacity of the MDA-MD-231 cell line to form tumours in mice. That certain breast cancers are driven by Wnt ligands is also supported by the work from the Hynes lab in which sFRP1, which binds to and effectively competes with FZD receptors for Wnt ligands, was ectopically expressed in the MDA-MB-231 cell line (Matsuda et al, 2009) . Expression of sFRP1 diminished the capacity of these cells to form tumours in the mammary fat pads of mice and impaired their ability to metastasize to the lungs.
An association between Wnt signalling and metastasis was also discovered by the Massague lab, this time in lung cancers (Nguyen et al, 2009) . AWnt target gene signature was evident in metastatic lesions derived from human lung cancer models grown in mice. Functional relevance was assessed by the expression of dominant-negative TCF4 or TCF1 in the metastasis-prone derivatives of the PC9 and H2030 non-small lung cancer lines. The dominant-negative transcription factors significantly retarded metastatic spread to the bone and brain, but did not impede the growth of the primary tumour.
The genetic manipulations involving knockdown of transcripts and ectopic expression of dominant-negative genes or secreted inhibitors are pertinent lessons, yet they remain one step away from a pharmacological proof of concept. The systemic administration of an inhibitor, albeit in a model system, more directly tests the pharmacologic feasibility of a therapeutic approach. Accordingly, DeAlmeida et al (2007) tested the administration of a Wnt inhibitory fusion protein consisting of the Fc region of IgG fused to the extracellular domain of the FZD8 (FZD8CRD) Wnt receptor . The molecule appeared pharmacologically sound based on its dramatic inhibitory effect in the MMTV-Wnt-1 model of mammary cancer. The FZD8CRD also significantly inhibited the formation of tumour xenografts by two nonengineered cancer cell lines, the N-TERA2 human testicular cancer and the PA1 human ovarian cancer cell line. The PA1 was among those cells identified by Bafico et al (2004) as having autocrine Wnt signalling. Additional approaches, involving antibodies to the FZD and LRP5/6 Wnt receptors, would likely be effective and perhaps offer greater specificity relative to FZD8CRD.
Inhibition of Wnt signalling in cancer stem cells
Additional rationale for drugging Wnt comes from the purported role of Wnt signalling in the establishment and maintenance of so-called cancer stem cells (Reya and Clevers, 2005; Malanchi and Huelsken, 2009 ). There is ample evidence for a cellular hierarchy in some cancers, especially those of haematopoetic origin, and recent studies support a role for Wnt in maintaining their pluripotency. Excessive Wnt signalling was apparent in granulocytic-macrophage progenitors isolated from CML patients, and their capacity for proliferation and self-renewal was attenuated by the ectopic expression of the Wnt pathway inhibitor Axin (Jamieson et al, 2004) . In a separate study, introduction of BCR-ABL into marrow cells from conditional b-catenin À / À knockout mice significantly reduced the onset of CML-like disease relative to that observed with wt marrow cells (Zhao et al, 2007) . Nevertheless, recipients of the transformed b-catenin À / À cells went on to develop disease resembling acute lymphoblastic leukaemia. In yet another animal model of leukaemia, initiated by MLL, the mixed lineage leukaemia fusion protein, disruption of the b-catenin gene prevented pre-leukaemic stem cells from inducing leukaemia in grafted mice (Yeung et al, 2010) . In this same study, shRNA knockdown of b-catenin in leukaemia stem cells severely delayed the onset of leukaemia in recipient hosts. The requirement for Wnt signalling was also tested in a model of AML, in which haematopoietic stem cells were transformed by Hoxa9 and Meis1a. The absence of b-catenin severely impaired the development of AML in recipient mice (Wang et al, 2010) .
Recent evidence also points to a role for Wnt signalling in cutaneous cancer stem cells. The Huelsken lab found many similarities between normal skin stem cells and cancer stem cells isolated from murine epidermal tumours induced by carcinogens (Malanchi et al, 2008) . The cancer stem cells appeared enriched for Wnt signaling, and conditional knockdown of b-catenin effectively eliminated this population of cells resulting in complete regression of the epidermal tumours. This demonstrates that a mouse epidermal tumour is indeed impacted by inhibition of Wnt signalling, and the authors also provided some evidence that Wnt signalling is exacerbated in human squamous cell carcinomas.
How can we inhibit Wnt signalling?
The biological rationale for drugging Wnt signalling in cancers that possess pathway-activating mutations is certainly compelling. Nevertheless, the tractability of developing a rational drug is gated by certain criteria. First of all, we must identify a positive acting target in the pathway that is amenable to drug inhibition. Historically, small-molecule inhibitors have enjoyed success in targeting ion channels, G-protein-coupled receptors, proteases and, more recently, kinases. Although b-catenin is the most salient positive acting element in the Wnt cancer pathway, it bears no relation to these legacy targets, and direct inhibition would likely involve blocking its interaction with the TCF/LEF transcription factors. Pharmacological disruption of protein-protein interactions with small-molecule inhibitors is not without precedent, but it is rare, difficult and highly dependent upon the specifics of the structural interface one wishes to disrupt. This of course relies upon the detailed structural information, which exists in abundance for b-catenin, including complexes with several of its partners (reviewed in Xu and Kimelman, 2007) .
Targeting b-catenin protein-protein interactions
From a drug perspective, the b-catenin-TCF structural interface appears daunting. Approximately 70% of the b-catenin amino-acid sequence constitutes a core superhelical region consisting of 12 armadillo repeats of 42 amino acids each. Each repeat is comprised of three helices, and together these repeats form a large positively charged groove (Huber et al, 1997) . About 51 N-terminal residues of the TCF sequence occupy this groove, forming three modules of contact defined by a b-hairpin, an extended region and an a-helix (Graham et al, 2002) . Although not easily recognized by sequence, cadherin, APC and ICAT, another inhibitor of b-catenin, share with TCF a chemically conserved motif within its extended region, such that the four proteins bind competitively to b-catenin (Eklof Spink et al, 2001; Huber and Weis, 2001; Graham et al, 2002; Xing et al, 2003) . All four binding partners form salt bridges with lysines 312 and 435 in the armadillo repeats. Moreover, Axin and TCF overlap in their binding to b-catenin armadillo repeats 3-4, both using a single a-helix for this contact. Thus, any compound intended to disrupt the TCF-b-catenin interaction must spare the disruption of these overlapping binding partners, three of which have been classified as human tumour suppressors. Disruption of b-catenin-cadherin binding in normal intestinal epithelium has been tested in vivo by ectopic expression of an interfering fragment of cadherin. These mice developed intestinal inflammation that led to neoplasia (Hermiston and Gordon, 1995) .
The extensive interaction of b-catenin with TCF, along with the overlapping binding sites with other partners, presents some serious challenges for a small-molecule inhibitor approach (Figure 2) . Nevertheless, mutational analysis suggests that the appropriate compound could selectively inhibit TCF binding only. For example, the substitution H460A in b-catenin selectively hinders binding to the TCF homologue LEF1 without impairing binding to either APC or Axin (von Kries et al, 2000) . b-catenin binds other important partners through contacts more discrete and perhaps more druggable than those used for TCF binding. For instance, in the nucleus b-catenin recruits various chromatin-modifying enzymes to promote gene transcription at TCF-binding sites (Willert and Jones, 2006; Mosimann et al, 2009 ). Among these enzymes, the p300 acetyltransferase interacts with b-catenin C-terminal sequence, including the armadillo repeat-12 (Hecht et al, 2000; Miyagishi et al, 2000; Daniels and Weis, 2002) . The isolated helical domain of the b-catenin inhibitor ICAT effectively disrupts the p300/b-catenin complex, suggesting that this transcription-relevant portion of catenin could be targeted without impacting the binding of the tumour suppressors APC or Axin (Daniels and Weis, 2002) .
The binding of bcl9 to the first armadillo repeat of b-catenin also involves a far more limited interface than that defined for the TCF interaction (Sampietro et al, 2006) . A single helix comprised of a couple dozen residues in bcl9 make contacts between the second and third helix of the first armadillo domain. Half of the bcl9 helix forms hydrogen bond salt bridges with b-catenin while the remaining half binds largely through hydrophobic interactions. Unfortunately, a deep pocket, typically amenable to drug binding, is not apparent in this structure. It also remains unclear whether the disruption of this interaction would be beneficial in cancer therapy. While bcl9, and its associate pygopus, appear critical for nuclear armadillo signalling in Drosophila, it plays a more limited role in mice (Jessen et al, 2008) . Importantly, intestinal adenocarcinomas, driven by aberrant Wnt signalling, occur in mice devoid of intestinal bcl9, and its homologue bcl9l, at a frequency equal to that in wt mice (Deka et al, 2010) . Based on gene signature analysis, the authors speculated that bcl9 null tumours possessed fewer stem cell-like characteristics and therefore could represent a less aggressive cancer than the wt tumours. Although upstream of b-catenin, the dishevelled (DVL) PDZ domain, which interacts with FZD, is potentially amenable to small-molecule disruption. This was demonstrated with Dvl PDZ-binding peptide ligands that when internalized inhibited Wnt signalling . Small molecules that target this interface have also been reported (Fujii et al, 2007; Grandy et al, 2009) .
Targeting kinases in the Wnt pathway
On a wish list of oncology targets, a positively acting kinase with an oncogenic mutation would rank well above any protein-protein interaction. Unfortunately, none exist in the Wnt cancer pathway. In its absence, a druggable enzyme acting downstream of b-catenin might suffice. Accordingly, Firestein et al (2008) identified the CDK8 kinase as important for both colon cancer cell viability and oncogenic Wnt signalling. Moreover, the cdk8 gene undergoes copy number gain in some colon cancers. Although this work defines CDK8 as important for b-catenin-dependent transcription, CDK8 has a broader role as a part of the Mediator complex, which is required for activatordependent transcription by Pol II (Conaway and Conaway, 2011) . Considered in this context, CDK8 is clearly not dedicated to Wnt signalling and is also required for the expression of many non-Wnt targets, including activation of the p21 gene by the p53 tumour suppressor (Donner et al, 2007) . Moreoever, CDK8 has roles outside of its participation in Mediator. Nevertheless, based on its role in Wnt signalling, the amplification of its gene in colon cancer, and the ability of kinase-active, but not kinase-dead, CDK8 to transform immortalized cells, it remains an attractive target.
Casein kinase II could also be considered as a target downstream of b-catenin. Although several studies had defined a positive role for CKII in Wnt signalling, the Jones lab localized this kinase to Wnt target genes where it enhanced transactivation by enforcing the interaction of b-catenin with LEF1 (Wang and Jones, 2006) . Again, inhibition of this target would likely elicit physiological effects well beyond those associated with Wnt signalling alone. The casein kinase I family has also been implicated in Wnt signalling, however, in both negative and positive directions. The phosphorylation of the LRP5/6 Wnt coreceptors by CKIg supports receptor activation, whereas phosphorylation of b-catenin by CK1a primes it for proteolytic destruction (Liu et al, 2002; Davidson et al, 2005) . Unexpectedly, the Lee lab found a smallmolecule allosteric activator of CKIa in an in vitro screen designed to read out b-catenin turnover (Thorne et al, 2010) . The compound, pyrvinium, potently inhibits Wnt signalling even in cells mutant for the APC tumour suppressor. It remains unclear whether systemic activation of CKI represents a tractable approach to Wnt inhibition in vivo; however, this study underscores the potential of a highly unconventional mechanism, that of kinase activation, as a novel approach in cancer therapy.
Unconventional approaches
The challenge of targeting Wnt signalling with small molecules could provide some incentive for exploring unconventional approaches. Among these, lytic viruses engineered to replicate selectively in the background of enhanced b-catenin signalling have been developed. Replicating adenoviruses, in which the expression of essential viral antigens are placed under control of the TFC4 promotor, have demonstrated selective replication in cells with enhanced Wnt signalling (Brunori et al, 2001) . Permutations on this approach include insertion of transgenes into the viral genome coding for proteins that render the infected cell susceptible to a prodrug or radionuclide (Lukashev et al, 2005; Peerlinck et al, 2009 ). Directly eliminating b-catenin by mRNA interference is also conceptually appealing. Silencing of bcatenin by transfection or local administration of small interfering RNA retards the growth of preclinical tumour models (Zeng et al, 2007; Ashihara et al, 2009; Yeung et al, 2010) . However, systemic delivery of siRNA to tumours remains elusive. Interference with Wnt signalling could also be approached orthogonally by stimulating pathways that inhibit the Wnt pathway. For example, the orphan nuclear receptor RORa binds to and represses b-catenin-dependent gene activation .
Finding drugs
In vitro and cell-based assays have been exploited to identify chemical matter that could be developed into therapeutics capable of inhibiting Wnt signalling. Accordingly, the Shivdasani lab designed an in vitro assay that scored for the disruption of the b-catenin/TCF interaction and screened 7000 natural compounds for activity (Lepourcelet et al, 2004) . They identified two fungal derivatives, termed PKF115-854 and CGP049090, both of which disrupted the Tcf/b-catenin complex, inhibited colon cancer cell proliferation and interfered with b-catenin-mediated axis duplication in Xenopus embryos. These compounds have not advanced to clinical testing but have shown recent promise in preclinical models of hepatocellular and haematologic cancers (Minke et al, 2009; Gandhirajan et al, 2010; Wei et al, 2010) . Using a cell-based transcriptional reporter assay, the Kahn lab identified a Wnt signalling inhibitor termed ICG-001 that was efficacious in colon tumour xenografts and in the ApcMin mouse model of intestinal tumourigenesis (Eguchi et al, 2005) . The target of this compound was identified as CBP, an acetyl transferase that binds b-catenin to facilitate gene activation. An analogue of ICG-001 was recently advanced to phase I clinical testing (Takahashi-Yanaga and Kahn, 2010) . Although cell-based screens yield hits, it is not always possible to identify the target of the active compound. However, secondary assays can discriminate at which level in the signalling pathway a candidate may be acting. After Chen et al (2009) identified inhibitors in a cell-based screen driven by ectopic expression of Wnt3a in mouse L-cells, they retested the compounds on L-cells activated by the addition of exogenous Wnt3a ligand. Interestingly, compounds that failed this latter test, termed IWPs, turned out to inhibit porcupine, an acyl transferase required for modification and release of Wnt ligands from the producing cell. A second class of compounds, the IWRs, did not block receptor activation by Wnt ligands, but appeared to stabilize Axin, thereby enhancing the destruction complex and the degradation of b-catenin.
The Cong lab also observed the stabilization of Axin by a small-molecule Wnt inhibitor. In this study, they discovered the small-molecule inhibitor XAV939 in a cell-based highthroughput Wnt reporter screen (Huang et al, 2009 ). Using a protein affinity capture technique, they identified the Tankyrases TNKS1 and 2 as the targets of XAV939. The TNKs associate with Axin and modify it by poly-ADP ribosylation, which leads to its degradation via subsequent ubiquitination. The paper also shows that IWR-1, previously reported by the Chen et al, is again an inhibitor of tankyrase activity. The ability of these compounds to inhibit hyperactive Wnt signalling resident to APC mutated colorectal cancer cells is quite exciting and highlights a new avenue for therapy. The next step will require pharmacologically sound derivatives to test this target for in vivo anti-tumour activity. More recently, two additional small-molecule Wnt inhibitors, termed JW67 and JW74, were identified in a cell-based reporter screen and, again, stabilize the Axins and promote b-catenin turnover (Waaler et al, 2011) . The targets of these compounds have not been determined, although their structures appear unrelated to XAV939 or IWR-1. In a modified cell-based screen, Gonsalves et al (2011) knocked down the Wnt inhibitor Axin with RNAi to establish the Wnt signal. This ensured that any hits obtained would operate downstream of b-catenin. Accordingly, some of the compounds inhibited Wnt signalling initiated by the expression of a stabilized mutant form of b-catenin and also appeared to disrupt the b-catenin/TCF interaction.
Where do we use Wnt inhibitors?
In the age of personalized medicine, a specific molecular diagnostic is needed to determine who might best benefit from a rational drug. This is particularly pertinent when the 'wrong' patient might not only lack a response but possibly progress more rapidly on the drug. Obviously, a drug with the capacity to inhibit b-catenin activated gene transcription in cells harbouring mutations in APC would have immediate appeal in the colorectal cancer clinic. Here, the majority of cancers are APC mutant, while a handful of others are mutant for Axin or b-catenin (Polakis, 2007) . Outside of colorectal cancer, though, the prevalence of Wnt pathway mutations, albeit substantial, are less common. DNA sequencing of biopsy specimens would be needed to select qualified patients. Gene signatures, which to some extent can specify the activation of a signalling pathway, could also be helpful. Remarkably, the presence of a single mRNA transcript, encoded by the Axin II gene, correlates well with mutations in the Wnt signalling pathway when surveying human cancer cell lines (Figure 3) . Thus, therapies that function downstream of hyperactive b-catenin, in cancers driven by Wnt signalling mutations, could readily find a patient population based on gene sequencing and/or transcript analysis.
Cancers with active Wnt signalling, yet lacking pathway mutations, would be significantly more difficult to identify. Immunohistochemical staining for nuclear or cytoplasmic bcatenin can be indicative of Wnt signalling, but scoring is subjective and varies with the materials and techniques employed. Even in colorectal cancers that harbour APC mutations, the staining of nuclear b-catenin can appear heterogenous or restricted to cells at the invasive front of the tumour (Brabletz et al, 2001) . Nevertheless, there have been several reports in which Wnt signalling is considered active based on aberrant subcellular localization of b-catenin. In particular, a significant fraction of breast cancers exhibit nuclear or cytoplasmic staining of b-catenin (Lin et al, 2000 ; Chung et al, 2004) . More recently, aberrant b-catenin staining in breast cancers has been associated with so-called triple negative and basal-like subtypes of breast cancer (Khramtsov et al, 2010; Geyer et al, 2011) . It is noteworthy that the murine MMTV-Wnt-1 transgenic model of mammary cancer also exhibits hallmarks of the human basal-like breast cancers (Herschkowitz et al, 2007) .
As noted above, there is increasing evidence that Wnt signalling may be associated with the maintenance or survival of tumour re-initiating cells or cancer stem cells (Reya and Clevers, 2005; Malanchi and Huelsken, 2009) . In this scenario, the impact of inhibiting Wnt signalling on tumour burden might only be realized following a prolonged period of cellular attrition. Alternatively, Wnt inhibition could be combined or sequenced with standard of care chemotherapy to eliminate the remaining presumptive tumour re-initiating cells. Such an approach would require an element of faith, as it would be difficult to determine whether these remaining cells exhibit any evidence of Wnt signalling. The implication for Wnt signalling in metastasis has also been demonstrated preclinically (Nguyen et al, 2009 ), but objective clinical evaluation of drugs intended to interfere only with metastatic spread could be quite challenging.
Safety concerns
Naturally, sustained systemic inhibition of Wnt signalling would likely be accompanied by toxic side effects, particularly when considering its role in stem cell biology. Some of these side effects, such as damage to the intestinal mucosa, reduced bone density, alopecia and other pathologies associated with regenerative tissues, might be anticipated from our current understanding of Wnt signalling (Chen et al, 2009) . Indeed, interference with Wnt signalling by genetic manipulation or systemic exposure to high levels of the Wnt inhibitor DKK1 has catastrophic effects on the cellular architecture in the intestine (Pinto et al, 2003; Kuhnert et al, 2004) . However, the complete genetic ablation of TCF4, or uncontrolled in vivo expression of DKK1, is hardly pharmacologic. As with all drugs, proper dosing and scheduling of Wnt inhibitors will be required to minimize any side effects. It is encouraging that the acute elimination of the lgr5 þ presumptive stem cells in the intestine did not disrupt cellular homeostasis and was followed by recovery and renewal of this Wnt-regulated stem cell population (Tian et al, 2011) . The emerging model of intestinal homeostasis posits that the Wnt-regulated stem cell population is not fixed or finite, but regenerative, and can be re-populated by a quiescent stem cell refractory to Wnt perturbations (Tian et al, 2011; Yan et al, 2011) . The exacerbation of Wnt signaling in tumours relative to normal tissue, along with the potential for normal tissue to recover, could provide a margin of safety for Wnt inhibitors in the clinic.
Conclusion
It is clear that aberrant Wnt signaling contributes to human cancer. When taken together, myriad proof of concept studies strongly suggest that interfering with this signal would lead to clinical benefit. Although some promising therapeutic leads have been advanced, they either lack specificity or act at a distance from the true driver of pathway activation. Safety concerns are also apparent, but this complication comes with all drugs and the potential benefit justifies the risk. Moreover, there exists a clear path forward to identify the appropriate patient population for a specific inhibitor.
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